often result in immoderate growth, increased input costs, and potential adverse environmental impacts, es- Recent advances in remote sensing, coupled with lower cost of acquiring images, have allowed the collection of timely information on crop growth and physio-
Recent advances in remote sensing, coupled with lower cost of acquiring images, have allowed the collection of timely information on crop growth and physio-N itrogen fertilization management is an imporlogical parameters temporally and spatially as affected tant issue in cotton production systems. It is more by environmental stresses. Such information can be used difficult to balance demand and supply of cotton plant for in-season crop nutrient assessment and management N nutrition compared with other nutrient fertilizers be- (Filella et al., 1995; Daughtry et al., 2000 ; Zarco-Tejada cause of the complexity of N cycling in the soil and et al., 2000a, 2000b; Afanasyev et al., 2001) . Several the indeterminate growth habit of cotton (Gerik et al., studies have assessed N status and other physiological 1998). Both deficient and excessive N negatively affects parameters of field crops using leaf or canopy spectral lint yield and fiber quality (Gerik et al., 1998; MacKenreflectance parameters (Gausman, 1982; Chappelle et zin and van Schaik, 1963) . Insufficient N supply deal., 1992; Blackmer et al., 1994; Thomas and Gausman, creases leaf area (Fernandez et al., 1996; Reddy et al., 1977; Peñ uelas and Filella, 1998; Peñ uelas and Inoue, 1997; van Delden, 2001) , photosynthesis (Ciompi et al., 2000; Zhao et al., 2003) . Nitrogen deficiency causes a 1996; Reddy et al., 1997; Lu et al., 2001) , and biomass decrease in leaf Chl concentration, resulting in an inproduction (Fritschi et al., 2003) , resulting in lower crease in leaf reflectance in the visible spectral region yields (Howard et al., 2001; Fritschi et al., 2003) . On (400-700 nm) (Buscaglia and Varco, 2002 ; Carter and the other hand, excessive applications of N fertilizer Estep, 2002; Read et al., 2002; Zhao et al., 2003) . However, several other stresses may also result in increased elements (Masoni et al., 1996) . Recently, several studies MATERIALS AND METHODS have shown the relationships between cotton plant N Two separate field studies were conducted in 2001 and status and spectral reflectance (Tarpley et al., 2000; Bus- 2002 on a fine, smectitic, nonacid, thermic Vertic Epiaquept caglia and Varco, 2002; Read et al., 2002 Chappelle et al. (1992) . Chlorophyll concentrawith leaf N were further determined. The best reflectance ratio (R 517 /R 413 ), which had the greatest r 2 value with leaf N tion in 2002 reported in this paper is the sum of Chl a and Chl b.
concentration, was selected. Data of leaf N concentrations from the N and MC studies within each year were plotted Leaf area was determined using a LI-3100 leaf area meter (LI-COR Inc., Lincoln, NE) after collecting the leaf discs for with the corresponding reflectance ratios (R 517 /R 413 ), and linear regression was performed. The same methods described above Chl measurements. Then, the five leaves from each plot were together placed into a paper bag and immediately dried in a were used to determine functional relationships between Chl concentration and reflectance or reflectance ratio values. forced-air oven at 70ЊC for 72 h, weighed, and ground for determination of leaf N concentrations according to standard micro-Kjeldahl procedure (Nelson and Sommers, 1972) . Spe-
RESULTS AND DISCUSSION
cific leaf weight was calculated based on leaf dry weight (DW) and leaf area. Table 1 ). The year ϫ sampling date interactive effects concentrations were expressed on both DW (g kg Ϫ1 ) and leaf on leaf N concentrations were significant. Overall, leaf area basis.
N concentration was highest between 40 and 70 DAS
The spectral reflectance data measured on the five leaves (FS to FF stages) and decreased as plants aged (Fig. 1 ).
in each plot at each sampling date were averaged. To deter-
The seasonal trends of leaf N concentration in our study In the MC study, leaf N levels (g kg Ϫ1 DW) were not analysis of variance (SAS Inst., 1997) Ϫ1 treatments had documented that leaf Chl correlated significantly with consistently higher Chl concentration than the 0 kg N soil NO 3 -N and cotton yield. Therefore, to improve crop ha Ϫ1 treatment (P Ͻ 0.05 to 0.0001, Fig. 2 ). Application C assimilation rate and yield, it is important to maintain of MC significantly increased leaf relative Chl levels appropriate leaf N and Chl concentrations by N fertilizer (SPAD readings) at most measuring dates in 2001, but and other management practices. no statistical differences were observed in Chl concentration among the MC treatments in 2002 (Fig. 2) .
Leaf Hyperspectral Reflectance
Many studies have shown that there is a close relationship between cotton leaf Chl and N concentrations Leaf hyperspectral reflectance showed similar patterns for all the N (Fig. 3A) and MC treatments (data (Wood et al., 1992; Wu et al., 1998) . Our results indicated that although leaf Chl levels were positively correnot shown). Nitrogen fertilizer rate mainly affected leaf reflectance in the visible range (400-700 nm) and in the lated with leaf N concentrations (r 2 ϭ 0.66-0.80***, n ϭ 120), changes in Chl with growth stages were much red edge (690-730 nm). Specifically, the leaf reflectance at 556 and 710 nm rapidly increased with the decrease smaller than changes in leaf N concentration, except perhaps in MC study in 2001 ( Fig. 1 and 2) . Averaged in N fertilizer rate. This phenomenon could be clearly seen from values for RD and RS ( Fig. 3B and 3C) . tance in the visible range and the red-edge feature by modifying leaf Chl content. Leaf reflectance around Averaged across the years and measuring dates in the growing seasons, the 0, 56, and 112 kg N ha Ϫ1 treatments these two wavelengths could be used to detect crop plant N deficiency. had 20, 9, and 8% higher reflectance at 556 nm, respectively, and 18, 10, and 7% higher reflectance at 710 nm,
The leaf reflectance patterns of all the MC treatments in the MC study were similar to those in the N study respectively, compared with the 168 kg N ha Ϫ1 treatment (P Ͻ 0.05). The two wavelengths where N fertilizer rate (data not shown). Based on the leaf RD and RS to the MC, the effect of MC on leaf reflectance was complex mostly affected cotton leaf reflectance in the present study are consistent with earlier reports in corn (Zea (Fig. 4) . Foliar applications of MC decreased the reflectance in visible range around 556-and 710-nm regions mays L.) (Blackmer et al., 1996; Carter and Estep, 2002; Zhao et al., 2003) . When calculating RS by dividing RD similar to those found in the N deficiency study where N deficiency increased reflectance (Fig. 3 ). In addition, by the reflectance of the 168-kg N treatment, we found that leaf reflectances at 580 and 700 nm were the most plants treated with MC had increased leaf reflectance between 800-and 1400-nm wavelengths and decreased/ sensitive to N application rate (Fig. 3C) . Several studies have shown that leaf reflectance values around these increased reflectance in 1450 to 2500 nm. Decreased reflectance at 556 and 710 nm by MC was related to two wavelengths are closely associated with leaf Chl level (Jacquemoud and Baret, 1990; Daughtry et al., the increased leaf area-based N or Chl levels in MCtreated plants as described earlier. Evidence shows that 2000; Carter and Spiering, 2002; Zhao et al., 2003) . Therefore, N fertilizer rate mainly affected leaf reflecleaf reflectance in 800-to 1400-nm region is associated with leaf surface properties and leaf structure, whereas reflectance in 1500-to 2500-nm region may be associated with leaf water content and other chemical compositions (Peñ uelas and Filella, 1998) . Therefore, MC application seems to modify not only leaf photosynthetic pigment concentration, but also other leaf physiological and morphological properties (Zhao and Oosterhuis, 2000) .
Relationships between Leaf Nitrogen Concentration and Reflectance or Reflectance Ratios
When data were pooled across treatments and growing seasons, leaf N concentrations ranged from 16.4 to 52.3 g kg Ϫ1 DW or 1.34 to 2.75 g m Ϫ2 leaf. Coefficients of determination (r 2 ) for leaf N, on both leaf DW basis and leaf area basis, with leaf reflectance at each wavelength are presented in Fig. 5A . Although N fertilizer rate mainly affected leaf reflectance at 556 and 710 nm (see Fig. 3 ), two specific wavelengths where reflectance provided the greatest r 2 values with leaf N concentration were 517 and 701 nm. It is noted that the first wavelength of 517 nm did not match the N fertilizer sensitive wavelengths (Fig. 3B, 3C ), but the second one (701 nm) was very similar to the N sensitive wavelength of 700 to 710 nm described in Fig. 3 . Our finding of reflectance at 517 nm having greater r 2 with leaf N content is in contrast to earlier reports by Buscaglia and Varco (2002) and Read et al. (2002) , who indicated that in the green region, the reflectance around 550 or 585 nm was closely correlated with cotton leaf N concentration.
Leaf N concentration was closely related to reflectance at 517 and 701 nm among 2100 wavelengths from 400 and 2500 nm in the present study. However, using the single reflectance values at any one of these two wavelengths could only explain 62 to 65% of leaf N variations (Fig. 5A ). The r 2 values of leaf N concentrations, expressed in both leaf DW basis and leaf area basis, with the reflectance ratios of R 517 /R i and R 701 /R i were further calculated (Fig. 5B, 5C ). Compared with single reflectance, the reflectance ratios improved r 2 values at most wavelengths measured, and the reflectance ratio of R 517 /R 413 showed the best linear relationship (r 2 ϭ 0.83***, n ϭ 60) with leaf N concentrations. Correlations of leaf N of both the N and MC studies in the 2 yr with R 517 /R 413 are presented in Fig. 6 . These results indicate that the reflectance ratio of R 517 /R 413 decreased linearly as leaf N concentrations increased (r 2 ϭ 0.65-0.78***, n ϭ 120 in 2001 and 156 in 2002) . Several studies have shown that the use of simple reflectance ratios can improve precision and accuracy of predicting cotton leaf N concentration compared with single reflectance (Tarpley et al., 2000; Read et al., 2002) . , 2003) . Clearly, cotton plant N status is closely related to yield (Gerik et al., 1994; Bell et al., 2003) , but traditional methods of plant critical leaf-blade N values reported by Bell et al. (2003) , and from our findings of linear function between leaf and R 708 /R i (Fig. 7) . Similar to leaf N and reflectance N and reflectance ratio (see Fig. 6 ), cotton critical leaf relationships, these simple reflectance ratios slightly imreflectance ratio (R 517 /R 413 ) at the three key crop develproved the r 2 values of the linear models compared with opmental stages of FS, early bloom, and midbloom was single reflectance values. 1.044, 1.238, and 1.273, respectively. These specific leaf
Our results of leaf Chl most closely correlating with reflectance ratios may be used for nondestructive detecthe reflectance at either 551 or 708 nm (Fig. 7) are in tion of cotton plant N deficiency in a fast and reliable contrast to Boggs et al. (2003) , who found that hyperfashion.
spectral reflectance at about 808 nm had the largest correlation with cotton leaf Chl. Results showing a
Relationships between Leaf Chlorophyll and
strong correlation between R 708 /R 915 and Chl in the pres-
Reflectance or Reflectance Ratios
ent study are similar to those of Read et al. (2002) , who reported that R 705 /R 930 was one of the best ratios Among 2100 wavelengths from 400 to 2500 nm, the reflectance values at 551 (R 551 ) and 708 (R 708 ) nm had correlated to cotton leaf Chl, but are in contrast to those in other species reported by Gitelson et al. (1996) and the best linear relationships with leaf Chl (r 2 ϭ 0.46-0.73, n ϭ 76-156). These two Chl-specific wavelengths Lichtenthaler et al. (1996) . In their studies, R 700 /R 750 was linearly correlated to Chl content in tobacco (Nicotiana matched the two N fertilizer sensitive wavelengths described earlier (see Fig. 3B, 3C ). The R 551 /R 915 and tabacum L.) genotypes (Lichtenthaler et al., 1996) (Fig. 7) . 
